The fate of heavy metals during clinkerization is of crucial significance to the solid waste utilization, environmental management, and sustainable development. This paper presents a laboratory scale simulation that aims to investigate the effects of sulfur on the fate of Cu, Pb, and Cd during clinkerization. The sulfur-bearing phases (CaSO4·2H2O and CaS) and metal oxides were mixed with cement raw meal in appropriate ratios to produce clinkers. The volatilization and solidification of Cu, Pb and Cd were investigated using atomic absorption spectrometry, thermogravimetric 
analysis, X-ray diffraction analyses, electron probe X-ray microanalysis, and scanning 
Introduction
Due to the rapid development of modern industry and city, significant amount of solid wastes (SW) are being produced every day, for instance, 3.28 billion tons of industrial SW, 173 million tons of municipal solid waste (MSW) and 25 million tons of sludge were produced in China in 2016 [1] . About 77% of the solid wastes were transported to the landfills and waste incineration facilities [2] . However, solid wastes can be considered as secondary raw fuels and/or materials in the cement industry, for example, in co-processing of solid wastes in the cement kiln [3] [4] [5] [6] . By the implementation of co-processing, the natural resources can be saved and carbon dioxide emissions can be reduced [7] [8] [9] [10] . Nevertheless, most of the solid wastes contain heavy metals that could be volatilized and move with flue gas into the atmosphere during clinkerization, polluting the environment and threatening human health [11] [12] [13] .
Therefore, it is important to study the volatilization of heavy metals during coprocessing of solid wastes in the cement kiln.
The previous studies carried on heavy metal emissions from solid wastes coprocessing indicated that the fate of heavy metals strongly depended on the waste composition, particularly on the content of chlorine and sulfur in the solid wastes and cement raw meal [14, 15] . The content of sulfur in the cement kiln is about 0.5 wt.% to 2.0 wt.%, that mainly come from raw fuels (e.g., coal) and materials (e.g., limestone containing sulfide minerals) combustion [16] . The content of sulfur in the cement kiln might increase due to co-processing of solid wastes with high content of sulfur.
Therefore, the detailed investigation of the effect of sulfur on the fate of heavy metals in co-processing of solid wastes in the cement kiln are required. Chan et al. [17] , Smith [18] , and Nowak et al. [19, 20] focused on the effect of sulfur (such as Na2SO4 and K2SO4) on the volatilization of heavy metals during the burning of solid wastes.
However, the temperatures investigated were relatively low (<1200℃) comparing to the Portland cement clinker production (T=1450°C). Moreover, cations from the sulfates such as Na + and K + might influence on the clinkering process, volatilization and solidification of heavy metals [21, 22] .
Heavy metals like Cu, Pb, and Cd commonly exist in the solid wastes such as PbZn slag, residues from MSW incineration facilities and sewage sludge [23] [24] [25] . Heavy metals might volatilize and move with flue gas into the atmosphere. Pb and Cd are easy to volatilize during the thermal treatment process of solid wastes [17, 20, [26] [27] . CuO is known to act as flux and/or mineralizer in the clinkerization because it decreases the melting temperature considerably and favours the combination of free lime [20, 28] .
In this research, the effects of sulfur on the fate of Cu, Pb, and Cd was emphasized and the binary system of clinker-heavy metal in the study of co-processing of SW in cement kiln was developed to ternary system of clinker-heavy metal-sulfur, which is more coincident with the condition of co-processing of SW in cement kiln. Two sources of sulfur as gypsum (CaSO4·2H2O) and calcium sulfide (CaS) were used in our experiments. The relationships among sulfur sources, volatilization and solidification of Cu/Pb/Cd, and mineral phases of clinker were investigated. This paper can help to improve understanding of the fate of heavy metals in presence of sulfur and provide a guideline for risk assessment during the utilization of solid wastes in cement kiln.
Materials and method

Materials
Cement raw materials such as CaCO3, SiO2, Al2O3, and Fe2O3, were supplied by pure chemical reagent in order to eliminate the effects of impurity ions such as Na + , K + , and Cl -in the industrial raw materials. Cu, Pb, and Cd were added to the raw mixes as CuO, PbO and CdO, respectively. S was added in two different species as sulfate (gypsum -CaSO4·2H2O) and sulfide (CaS).
Experimental procedure
The phase composition of cement clinkers was controlled by Bogue method (see Eq.
(1) - (3)) [28] . Lime saturation ratio (KH), silica ratio (SM), and alumina ratio (IM)
were designed as 0.9, 2.5, and 1.6, respectively. The theoretical mineral composition was calculated to be 56% of alite (C3S), 20% of belite (C2S), 8.6% of aluminate (C3A), and 10% of ferrite (C4AF). Cement raw meals with 2.0 wt.% of Cu, Pb, or Cd were prepared and sulfur concentration was varied (0.5 wt.%, 1.0 wt.%, 1.5 wt.%, and 2.0 wt.%). Table 1 lists the formulated mixtures. 
Table 1
The formulated mixtures with Cu, Pb, Cd, and sulfur (wt. %). When the furnace reached designated temperature, it was maintained for 45 min and then the clinkers were cooled quickly in air to the room temperature [28] .
Analytical methods
The clinkers were grounded into fine powder. The clinker samples were dissolved using an acid mixture of hydrogen peroxide (H2O2), aqua regia, and hydrogen fluoride (HF) in a volume ratio of 2:5:2 in a microwave digestion system (ZEROM, China). The concentrations of Cu, Pb and Cd in the solutions were analyzed by flame atomic absorption spectrometry (AAS, Analytik Jena AG, Germany). The duplicate measurements were carried out, and the average values were used to calculate the volatilization percentage according to Eq. (4):
Where, H is the volatilization ratio of Cu, Pb or Cd; K (mg/kg) is the content of Cu, Pb or Cd in the clinker; S (mg/kg) is the content of Cu, Pb or Cd in raw materials; and LOI represents the loss on ignition.
The distribution of Cu, Pb and Cd in the clinker phases was investigated on the polished sections by electron probe micro-analysis (EPMA-1600, Shimadzu, Japan). Thermogravimetric analysis (TG) was used to investigate the influence of sulfur on the volatilization temperature of heavy metals. TG curves were obtained using a NETZSCH STA 449F3 instrument. TG analysis was conducted using about 20 mg of sample (chemical reagent) in alumina pans with an air purge gas flow rate of 100 mL/min, equilibration at 30°C for 10-15 min, followed by a heating rate of 10°C/min from 30°C to 1250℃ (for CaSO4·2H2O -up to 1400℃).
The mineralogical compositions of the samples were determined by X-ray diffraction analysis (Bruker D8). This diffractometer is equipped with Cu Kα (λ=1.5406 Å, 40 kV and 40 mA). All patterns were scanned over the range 5° < 2θ < 70° using a step size of 0.02° and a count time of 0.2 s.
Selective dissolution method was used to separate silicate and interstitial phases of the clinkers [29] . Heavy metals were classified as volatile (Pb and Cd), semi-volatile (Zn, Sb, and Se), and non-volatile (Cr, Cu, Ni, As, Mn, and Co) elements [30] . Also, the melting and boiling temperatures of CuO (1026℃ and 2000℃) are higher than that of PbO (888℃ and 1535℃) and CdO (900℃ and 1385℃), respectively. Therefore, Pb and Cd should have a higher volatilization ratio than Cu during clinkerization that was observed in our investigation. Sulfur in cement raw meal act as flux/mineralizer lowering the temperature of the liquid phase formation, increase the amount of the melt, and decrease the viscosity and the surface tension of the melt [31, 32] . Lowering the surface tension and the viscosity of the melt, normally formed at above 1338°C (an invariant point; [33] ), can increase the diffusivity of the clinkering species (including Pb-bearing and Cd-bearing species) and therefore promote the solidification of Pb and Cd. According to Taylor [28, 34] , Herfort et al. [35] and Wang et al. [36] , and then the greater effect of sulfur on the volatilization/solidification of Pb and Cd will be observed. Therefore, the mineral phases of clinker might solidify more Pb and Cd, and their volatilization ratio decreased when the temperature is higher than 1350℃. CuO is hard to volatilize and might act as as flux/mineralizer itself. Therefore, the effect of sulfur on the Cu volatilization is not obvious.
Results and discussion
Effect of sulfur and temperature on the volatilization of Cu, Pb, and Cd
Before the appearance of liquid phase during clinkerization (the temperature is lower than 1338℃), the effects of sulfur on the volatilization of heavy metals were caused by decreasing the volatilization temperature of heavy metals, that will be confirmed in Section 3.2.
It can be seen from Besides, CaS is not reacting with heavy meal below the temperature of 700℃. Namely, the mechanism of the effects of CaS on the volatilization and solidification of Cu/Pb/Cd is the same as CaSO4.
(1) 
Effects of sulfur on the volatilization temperatures of Cu, Pb, and Cd
The results from thermogravimetric analysis are shown in Figure 5 . The TG curves of gypsum showed the mass losses in the temperature range from around 150℃ to 700℃ due to dehydration of that mineral. Gypsum start decomposing at 1200℃. Cu, Pb, and 
Sulfur speciation in clinker
The XRD patterns of SCu-CaSO4-2.0, SPb-CaSO4-2.0, and SCd-CaSO4-2.0 samples sintered at It was reported by Zhao [39] and Ma [40] that the calcium sulphoaluminate (Ca4Al4O12SO4) was formed between the temperature of 1300℃ and 1350℃ in the system of CaCO3-SiO2-Al2O3-Fe2O3-CaSO4. When the temperature is higher than 1350℃, Ca4Al4O12SO4 start to decompose to C3A and CaSO4. Therefore, the main speciation of sulfur in clinker were CaSO4 and Ca4Al4O12SO4. Besides, the formation of Ca4Al4O12SO4 consumed some Al, which result in the decreased content of C3A and C4AF. 
Distribution of elements in the clinkers
EPMA analysis
The distribution of Si, Al, Cu, Pb, Cd and S in the clinkers are shown in 
SEM/EDS analysis
The point chemical analysis of the polished clinker samples sintered at 1450℃ was carried out to quantitatively investigate the content of Cu, Pb, and Cd in silicate and interstitial phases. About fifty spot-analyses were performed for each sample. The results are listed in Table 2 . For the sample of SCu-S-0, the content of Cu is about 0.40 wt.% and 4.53 wt.% in silicate phases and interstitial phases, respectively. The addition of 2 wt.% sulfur as CaSO4·2H2O and CaS had no effect on the solidification of Cu. In the sample SPb-S-0, the content of Pb is about 1.98 wt.% in interstitial phases and cannot be detected in silicate phases. However, the Pb content is about 1.10 wt.% in silicate phases and 3.65 wt.% in interstitial phases with the addition of 2 wt.% of sulfur as Note: -, undetected; ±, standard deviation.
Effects of sulfur on the chemical forms of Cu, Pb, and Cd
According to Herfort et al. [31] , at low concentration, heavy metals enter into the During that process, the formed solid solutions not only contained heavy metals, but also contained S, that transformed the existence forms of heavy metals in the clinker.
The variable compositions of the solid solutions in the interstitial phases were shown in Table 3 . SCd-CaSO4-2.0.
Table 3
Clinker phase composition based on SEM/EDS analysis (wt.%) and empirical formula of solid solution. 
Cu-S-2%
Conclusions
The effects of sulfur on the fate of Cu, Pb, and Cd during clinkerization were discussed in this work. The main conclusions can be summarized as follow: However, the effect of sulfur on the volatilization of Cu, Pb, and Cd might be different, if those metals present together in the system (e.g., solid wastes) due to their possible competitive effects. Therefore, further investigation of the element fate during clinkerization in multi-elemental system is required.
